Memory consolidation is defined temporally based on pharmacological interventions such as inhibitors of mRNA translation (molecular consolidation) or post-acquisition deactivation of specific brain regions (systems level consolidation). However, the relationship between molecular and systems consolidation are poorly understood. Molecular consolidation mechanisms involved in translation initiation and elongation have previously been studied in the cortex using taste-learning paradigms. For example, the levels of phosphorylation of eukaryotic elongation factor 2 (eEF2) were found to be correlated with taste learning in the gustatory cortex (GC), minutes following learning. In order to isolate the role of the eEF2 phosphorylation state at Thr-56 in both molecular and system consolidation, we analyzed cortical-dependent taste learning in eEF2K (the only known kinase for eEF2) ki mice, which exhibit reduced levels of eEF2 phosphorylation but normal levels of eEF2 and eEF2K. These mice exhibit clear attenuation of cortical-dependent associative, but not of incidental, taste learning. In order to gain a better understanding of the underlying mechanisms, we compared brain activity as measured by MEMRI (manganese-enhanced magnetic resonance imaging) between eEF2K ki mice and WT mice during conditioned taste aversion (CTA) learning and observed clear differences between the two but saw no differences under basal conditions. Our results demonstrate that adequate levels of phosphorylation of eEF2 are essential for cortical-dependent associative learning and suggest that malfunction of memory processing at the systems level underlies this associative memory impairment.
Memory consolidation is defined temporally based on pharmacological interventions such as inhibitors of mRNA translation (molecular consolidation) or post-acquisition deactivation of specific brain regions (systems level consolidation). However, the relationship between molecular and systems consolidation are poorly understood. Molecular consolidation mechanisms involved in translation initiation and elongation have previously been studied in the cortex using taste-learning paradigms. For example, the levels of phosphorylation of eukaryotic elongation factor 2 (eEF2) were found to be correlated with taste learning in the gustatory cortex (GC), minutes following learning. In order to isolate the role of the eEF2 phosphorylation state at Thr-56 in both molecular and system consolidation, we analyzed cortical-dependent taste learning in eEF2K (the only known kinase for eEF2) ki mice, which exhibit reduced levels of eEF2 phosphorylation but normal levels of eEF2 and eEF2K. These mice exhibit clear attenuation of cortical-dependent associative, but not of incidental, taste learning. In order to gain a better understanding of the underlying mechanisms, we compared brain activity as measured by MEMRI (manganese-enhanced magnetic resonance imaging) between eEF2K ki mice and WT mice during conditioned taste aversion (CTA) learning and observed clear differences between the two but saw no differences under basal conditions. Our results demonstrate that adequate levels of phosphorylation of eEF2 are essential for cortical-dependent associative learning and suggest that malfunction of memory processing at the systems level underlies this associative memory impairment. Different learning paradigms subserved by different brain structures in different species have a common temporal axis with three clear stages: acquisition, consolidation, and retrieval (Abel and Lattal 2001) . Additional stages may be involved if the extraction of information from the memory store during the retrieval phase involves relearning and reconsolidation (Bailey et al. 1996; Debiec et al. 2002) . Memory consolidation, as a component of the learning process, is divisible into different forms based on distinct spatio-temporal characteristics. Molecular memory consolidation refers to an initial stage of memory formation that is labile and sensitive to inhibitors of protein synthesis (Rosenblum et al. 1993) . Whereas systems consolidation relates to transfer of information from one brain area to another and is characterized by larger scales in both time (days, weeks) and space (millimeters, centimeters), eventually the whole consolidation process induces a new, long-lasting pattern of behavior that is not easily extinguished (Alberini 2005) . However, the relationships between these two forms of consolidation are not clear (Dudai 2004) . In the last decade, various researchers have extended our knowledge of molecular consolidation by measuring and analyzing the regulation of the translation machinery itself, for example, in the gustatory cortex (GC) following novel taste learning (Costa-Mattioli et al. 2007; Elkobi et al. 2008; Belelovsky et al. 2009 ).
Protein synthesis, the last step in gene expression and a key control process for its regulation, can be divided into initiation, elongation, and termination (Sonenberg et al. 2000; Richter and Klann 2009 ). The process of elongation, like initiation, requires nonribosomal proteins, termed eukaryotic elongation factors (eEFs). The translocation of peptidyl-tRNA from the ribosomal A-site to the P-site is mediated by eEF2 and coupled to GTP hydrolysis (Proud 2000) . Phosphorylation on Thr-56 by its specific calcium ion (Ca 2+ )-dependent kinase, elongation factor 2 kinase (eEF2K, also known as CaMKIII) inhibits eEF2 activity (Marin et al. 1997 ). The inhibition is probably mediated by impairment of the interaction of eEF2 with the ribosome (Carlberg et al. 1990; Redpath and Proud 1993) . In neurons, activation of NMDA and group-1 mGluR receptors induces eEF2 phosphorylation and attenuates general translation (Scheetz et al. 2000; Park et al. 2008) . Phosphorylation of eEF2 on Thr56 by its specific kinase, eEF2K, was increased in the GC following novel taste learning (Belelovsky et al. 2005 (Belelovsky et al. , 2007 ; however, it is not clear whether this phosphorylation has a system-level effect and whether it affects different types of taste learning.
The aim of the present study was to test the direct effects of manipulating eEF2 phosphorylation and, thus, eEF2 activity, on cortical-dependent learning and memory as well as its effect on brain activity at the systems level. To this end, we analyzed behavior (i.e., negative and positive forms of taste learning and memory), biochemistry at the protein level, and functional neuroanatomy by means of manganese-enhanced magnetic resonance imaging (MEMRI), in genetically engineered eEF2K ki (i.e., kinase-dead eEF2K) mice. Our results demonstrate that reducing levels of brain eEF2 phosphorylation in mice by genetic manipulation of eEF2K specifically impaired cortical-dependent associative, but not incidental, taste learning, and we suggest that abnormality on the systems level underlies this cognitive impairment.
Materials and Methods

Subjects
The mice contained a knock-in (ki) mutation in eukaryotic elongation factor 2 kinase (eEF2K). The residue Asp273 in the catalytic domain of eEF2K was converted to alanine (D273A) (Fig. 1A) . As a result of the knock-in mutation D273A, a mutant of eEF2K that displays drastically decreased catalytic activity (see Results) was obtained, and the phosphorylation of eukaryotic elongation factor 2 (eEF2) was greatly reduced in these mice. eEF2K itself was expressed normally, and the main effect was on the phosphorylation of eEF2. The eEF2K[D273A] knock-in mice were generated at the Center for Functional Genomics (SUNY-Albany, NY).
Mice were genotyped, and three lines were established from the heterozygote founders: wild-type (eEF2K WT), D273A homozygote (eEF2K ki), and heterozygote mice. For behavioral and biochemical tests, adult male mice weighing 20 -26 g (age 2-4 mo) were used. Mice were maintained on a 12/12-h light/dark cycle. The procedures were performed in strict accordance with the University of Haifa regulations and the E.U. and US National Institute of Health guidelines.
Behavioral procedures
Conditioned taste aversion
In all experiments described, the comparison is between ki and WT littermates. Conditioned taste aversion (CTA) was performed according to Costa-Mattioli et al. (2007) . Saccharin (0.5% w/v, sodium salt; CS Chemicals) was used as the novel taste in training, i.e., the conditioned stimulus (CS), and i.p.-injected (0.14 mM LiCl; Sigma) at 2% of body weight was the malaise-inducing agent, i.e., unconditioned stimulus (UCS). At the beginning of the behavioral experiment, the mice were trained for 3 d to drink from pipettes during 20-min periods; they received two pipettes, each containing 5 mL of water. On the conditioning day (day 4), the mice were allowed to drink the saccharin solution instead of water for 20 min from similar pipettes and, 30 min later, were injected with LiCl. Two days after training, a multiple-choice test was performed, in which the mice were offered four pipettes simultaneously-two containing 5 mL each of a novel taste (CS), and each of the other two containing 5 mL of water. After training, the conditioned mice preferred water to saccharin in a multiple-choice test, whereas nonconditioned mice preferred saccharin to water.
Behavioral data are presented in terms of an aversion index, defined as: [mL water/(mL water + mL saccharin)] consumed in the test. The higher the aversion index is, the greater the preference of the mice for water over the conditioned taste.
Attenuation of neophobia
Mice were trained for 3 d to drink during 20-min periods from two pipettes each containing 5 mL of water. On day 4, a multiplechoice test was applied: the mice were offered four pipettes simultaneously; two containing 5 mL of a novel taste (saccharin 0.5% [w/v] or NaCl 0.4% [w/v] ) and the other two containing 5 mL of water. The behavioral data are presented in terms of an aversion index, defined as above. For long-term taste memory formation, choice tests were applied on four consecutive days and again on the 14th day.
Taste recognition in mice
In order to address possible differences in the sensory level between the ki and the WT mice, their natural aversion to quinine (bitter taste) was examined. The mice were offered four pipettes simultaneously; two containing 5 mL of 0.04% quinine (Fluka) each and the other two containing 5 mL of water. The aversion index was defined as above.
Mouse genotyping
Isolation of DNA from mouse tail biopsies About 0.3 cm of tail tissue was placed in an Eppendorf tube with 500 mL of TNES (lysis buffer) comprising: 50 mM Tris Base (Sigma), 100 mM EDTA (Fluka), 100 mM NaCl (Sigma-Aldrich), and 1% SDS (Amresco), DDW; 20 mL of Proteinase K (Fermentas) were added at 10 mg/mL, and the tube was incubated overnight at 55˚C. Then, 150 mL of 5 M NaCl were added, the tubes were shaken vigorously for 15 sec and then centrifuged at 20,000 g for 5 min at room temperature. The supernatant was removed to a new Eppendorf and an equivalent volume of isopropanol was added. The Eppendorf was inverted for 15 sec and centrifuged at 20,000 g for 5 min at room temperature. The supernatant was discarded, and the pellet was air-dried for 30 min, resuspended in 100 mL of ultra-pure water (Biological Industries), and the tubes were heated at 37˚C for 10 min. The resulting DNA samples were stored at 4˚C pending typing (Miller et al. 1988 ).
PCR reaction
A PCR cocktail was prepared. Each 20-mL portion of final PCR reaction mix comprised 6 mL of nuclease-free H 2 O, 10 mL of DreamTaq Green Master Mix (Fermentas), 1 mL of each primer, and 2 mL of tail DNA (0.05-0.1 mL). The primers (from Danyel Biotech Ltd., used at 10 pmol/mL) were:
PCR cycles (30 cycles) comprised 3 min of initialization at 94˚C, 30 sec of denaturation at 94˚C, 1 min of annealing at 60˚C, 1 min of elongation at 60˚C, and a final elongation for 10 min at 72˚C. The PCR products were analyzed on agarose gel (2%), and the PCR product results were recorded with a CCD camera (XRS; BioRad). 
Biochemical procedures
Preparation of total sample
For biochemical analysis, the brain (naive or following behavioral manipulation) was removed and total cortex tissue, insular cortex (IC), or hippocampus was dissected and homogenized in a glass-Teflon homogenizer in a lysis buffer composed of the following (in mM, unless indicated otherwise): 10 HEPES, 2 EDTA, 2 EGTA, 0.5 DTT, 1% phosphatase inhibitor cocktail 1 (Sigma), and 1% protease inhibitor cocktail (Sigma). Protein content was determined by Bradford assay (Bio-Rad). Appropriate volumes of 2× SDS sample buffer (10% glycerol, 5% b-mercaptoethanol, and 2.3% SDS, in 62.5 mM Tris-HCl, pH 6.8) were added to the homogenates, and samples were boiled for 5 min and stored at 220˚C.
SDS-PAGE and Western blotting
Aliquots of the homogenate in SDS sample buffer were analyzed by SDS-PAGE and Western blotting. After electrophoresis and electrophoretic transfer, the blots were blocked for 1 h at room temperature, with agitation, in freshly prepared Tris-buffered saline solution containing 0.1% Tween 20 (TBST) with 3%-5% bovine serum albumin (BSA). The blots were incubated with primary antibody, either overnight at 4˚C or for 1 h at room temperature. After three short washes with TBST, the blots were incubated for 1 h at room temperature with goat anti-rabbit (IgG) horseradish peroxidase (HRP) conjugated antibody (Amersham). The blots were then washed three times in TBST and exposed to enhanced chemiluminescence with an EZ ECL kit (Biological Industries).
Assay of eEF2K activity
Recombinant human eEF2K was expressed as an N-terminal glutathione S-transferase (GST) fusion protein in bacteria as described earlier (Smith and Proud 2008) . The D274A mutant was created by QuikChange (Stratagene) and expressed in a similar way. To assess kinase activity, GST-eEF2K was incubated with purified eEF2 (from HeLa cells (Smith and Proud 2008) ). Reaction products were analyzed by SDS-PAGE, followed by analysis using a Typhoon phosphorimager (GE Healthcare).
Reagents eEF2 (1:1000), p-eEF2 (1:1000), and eEF2K (1:1000) polyclonal antibodies were obtained from Cell Signaling. a-CamKII (1:10,000) and b-actin (1:3000) antibodies were obtained from Santa Cruz Biotechnology. Goat anti-rabbit (IgG) HRP conjugated, goat antimouse (IgG) HRP conjugated, and rabbit anti-goat (IgG) HRP conjugated (1:10,000) were purchased from Chemicon. An Enhanced Chemiluminescence (ECL+) kit was purchased from Amersham.
Quantification
Quantification was performed with a CCD camera (XRS; Bio-Rad). Each sample was measured relative to the background, and phosphorylation levels were calculated as the ratio between the results obtained with the antibody directed against the phosphoproteins and those obtained with the antibody directed against the phosphorylation-state-independent form of the proteins.
Statistical analysis
The results were expressed as means + SEM. For statistical analysis, the Student's t-test, paired t-test, and repeated measures were used. Tests were used with an a level of 0.05.
Manganese-enhanced magnetic resonance imaging tests
The animals were assigned to one of five groups. One group of 18 naive mice that served for an anatomical background was held in regular housing conditions with no special treatment. The mice of the other four groups were housed in individual cages with access to drinking limited to 20 min per day. After 3 d of adjustment to their environment, the mice were subjected to the treatments specified below. The four groups were: (1) 19 control WT mice (WT-con); (2) 19 control ki mice (ki-con); (3) 20 CTA-trained WT mice (WT-CTA); and (4) 20 CTA-trained ki mice (ki-con).
Under the 8-d treatment protocol, all the mice received i.p. injections of 10 mM Mn 2+ at 2% of body weight (bw) every other day, starting from day 1, and all mice were scanned in the MRI on day 8. The CTA groups were given a conditioning treatment comprised of drinking 0.5% saccharin solution followed by an i.p. injection of 0.14 M LiCl at 2% of bw 40 min later, on days 4 and 6. The control groups received a treatment in which tap water replaced the saccharin solution, and i.p. injections of saline at 2% of bw instead of LiCl. Water and saccharin intake, as well as weights, were measured and recorded for each animal during each of the seven days. Any animals whose measurements deviated by .2 standard deviations from their group mean were excluded from the analysis, which left 18, 16, 19, and 17 animals in the WTcon, ki-con, WT-CTA, and ki-CTA groups, respectively.
The Mn 2+ administration protocol was selected to provide sufficient enhancement of brain tissue signal, i.e., 30%-50%, with minimum effect on animal well-being. This criterion was based on reports on fractionated MEMRI in rats Inui-Yamamoto et al. 2010 ), mice (Grünecker et al. 2010) , and on our own pilot studies. A stock solution of 10 mM MnCl 2 (Sigma) in DDW was prepared. Each of four injections was adjusted to 25 mg/kg (bw), for a total of 100 mg/kg (bw).
MRI acquisition
A 7T/30 MRI scanner (Bruker) was used for the MRI experiments. The mice were anesthetized with an i.p. injection of Equitisine (pentobarbital 9.72 mg/mL, chloral hydrate 42.5 mg/mL, 86.25 mM MgSO 4 , 10% (v/v) ethanol, and 40% [v/v] propylene glycol) at 0.3 mL per 100 g of body weight. The mice were packed, in the prone position, into a custom-made holder that enabled simultaneous imaging of six mice. They were arranged in two triplets facing each other. The positions of mice from the various experimental groups within the holder were counter-balanced across scans. Head movements were limited by fixing the incisors and snout between fishing lines. The holder was fitted into a quadrature transmit-receive coil that measured 94 mm in length by 72 mm internal diameter. The whole imaging procedure, from anesthesia induction to placing in a recovery cage, lasted no more than 30 min, and the mice withstood it well.
Following a short localizing sequence, T1-weighted (T1w) brain images were acquired by using a 3D gradient-echo pulse sequence: TR 18.4 msec, TE 4.2 msec, FA 45˚; matrix size 256 × 192 × 320, zero-filled to 256 × 256 × 320, field of view 64 × 64 × 80 mm 3 , nominal spatial resolution of 0.25 mm 3 , number of averages 1, with a total measurement duration of 16 min.
MRI data processing
Images were reconstructed and processed with Matlab software (MathWorks, Inc.) and the PET module of the SPM5 toolbox (www.fil.ion.ucl.ac.uk/spm). The individual brain images were cropped from the sextet images obtained in the scans and turned to a standard orientation. A representative image of one animal was selected to serve as a template for a first spatial normalization of all mice, followed by a second normalization to the first grandmean image. A second grand mean was then calculated and manually registered onto a standard template extracted from a stereotaxic atlas (Franklin and Paxinos 2007) , and the resulting transformation matrix was then used for reorientation of all individual images. All images were bias-corrected. A second set of images with flipped left-right orientation was created, and the corresponding images from the two sets were averaged. A brain mask for the SPM analysis was created based on this mean image (MRIcro; www.sph.sc.edu/comd/rorden/mricro.html). The mean Mn 2+ -free image was subtracted from each individual image, and the resulting images were spatially smoothed with a 0.8-mm kernel. This final data set was used as the input to the SPM 
Results
Generating eEF2K ki mice
To pinpoint residues in the catalytic domain of human eEF2K that might be critical for activity, we made use of the published crystal structure of the catalytic domain of ChaK1, which is closely related to eEF2K, (Yamaguchi et al. 2001) . Several residues which are conserved between ChaK1, eEF2K, and other related kinases were predicted to play a role in interacting with the phosphate groups of the substrate ATP. We mutated several of these individually, expressed the mutant proteins in Escherichia Coli, and tested their activity against eEF2, in comparison to wild-type human eEF2K (data not shown). Several showed greatly decreased activity; in particular, the D274A mutant, which corresponds to D1765 in ChaK1, showed undetectable activity in our standard assay (Fig. 1A) . We, therefore, chose to knock the corresponding mutation (D273A) into the mouse eEF2K gene (using the strategy described in Fig. 1B) to create "kinase-dead" eEF2K mice.
The mice were genotyped in order to distinguish among eEF2K ki, WT, and heterozygote mice. Samples from eEF2K WT mice yielded the expected 300-bp-long PCR product, whereas those from eEF2K ki mice yielded a 350-bp product; and both bands were detected in heterozygote mice (data not shown). No differences were identified between ki and WT mice, either in gross brain morphology or in general vitality or fecundity (data not shown).
Residual eEF2 phosphorylation and normal expression of eEF2, eEF2K, and a-CaMKII in cortex and hippocampus of eEF2K ki mice
We first analyzed brain levels of eEF2, eEF2 phosphorylation state (Thr56), eEF2K, and a-CaMKII, which were expected to be altered because of the attenuated eEF2 phosphorylation (Belelovsky et al. 2005) .
For protein analysis, brain tissue (cortex and hippocampus) was obtained from naive WT and homozygote knock-in (ki) mice (n ¼ 5). Samples were subjected to Western blot analysis and normalized to b-actin expression, because b-actin was not altered in transgenic mice (data not shown). In light of this analysis, we saw that there was no difference in expression of eEF2 and eEF2K proteins in either the cortex (eEF2 WT: 1.00 + 0.11, n ¼ 5; ki: 1.09 + 0.16, n ¼ 5; t-test, t (8) ¼ 20.45, P . 0.05; eEF2K WT: 1.00 + 0.12, n ¼ 5; ki: 1.29 + 0.07, n ¼ 5; t-test, t (8) ¼ 21.95, P . 0.05) (Fig. 2A) or the hippocampus of transgenic mice (eEF2 WT: 1.00 + 0.10, n ¼ 5; ki: 0.91 + 0.09, n ¼ 5; t-test, t (8) ¼ 0.59, P . 0.05; eEF2K: WT: 1.00 + 0.7, n ¼ 5; ki: 0.86 + 0.12, n ¼ 5; t-test, t (8) ¼ 0.91, P . 0.05) (Fig. 2B) . From these results, we concluded that the point mutation in the kinase domain of eEF2K did not change the total expression of either eEF2K or eEF2 protein. a-CaMKII, a poor initiator and a protein known to be involved in synaptic plasticity, which has previously been found to be modulated following attenuation in eEF2 phosphorylation levels (Belelovsky et al. 2005) , was not altered (in cortex WT: 1.00 + 0.07, n ¼ 5; ki: 1.11 + 0.09, n ¼ 4; t-test, t (7) ¼ 20.92, P . 0.05; in hippocampus WT: 1.00 + 0.10, n ¼ 5; ki 1.02 + 0.05; n ¼ 5; t-test, t (8) ¼ 20.22, P . 0.05) ( Fig. 2A,B) .
In order to ascertain the effect of the D273A knock-in mutation on eEF2 phosphorylation in the homozygote knock-in (ki) mice, the basal level of phospho-eEF2 was assessed. Samples from cortex and hippocampus of eEF2K WT and ki mice (n ¼ 5) were analyzed (Fig. 2C,D) . Surprisingly, we detected a band indicating low levels of phosphorylation in eEF2K ki mice (cortex: 0.28 + 0.04, n ¼ 5; hippocampus: 0.28 + 0.06, n ¼ 5). Statistical analysis revealed significant differences between eEF2K ki group and WT mice in p-eEF2 levels in cortex (t-test, n ¼ 5, t (8) ¼ 11.8, P , 0.01) (Fig. 2C ) and hippocampus (t-test, n ¼ 5, t (8) ¼ 2.9, P , 0.05) (Fig. 2D) .
One explanation for the low levels of eEF2 phosphorylation in the brain of ki mice could be nonspecific recognition of the eEF2 total protein by the phospho-specific (Thr56) antibody. In order to exclude this possibility, we performed another WB analysis but this time with an additional sample of pure nonphosphorylated eEF2 protein (Fig. 2E) . The anti-eEF2 antibody successfully detected pure eEF2 protein and eEF2 in both WT and ki lysates. The anti-p-eEF2 antibody detected p-eEF2 in WT lysate, a lower level of p-eEF2 in ki lysate, and no band in the pure eEF2 protein lane. This suggests that the ki has a residual low level of p-eEF2, which was surprising given the apparent complete loss of eEF2K activity for the D273A mutant. The simplest explanation for this observation is that the eEF2K[D273A] mutant does possess very low residual activity. To assess this, we assayed the activity of wild-type and D273A mutant eEF2 against eEF2 over a wide range of enzyme concentrations. As shown in Figure 2F , at enzyme levels that give high levels of eEF2 phosphorylation when the wild-type enzyme is used, the D273A mutant showed no activity. However, when large amounts of recombinant kinase were used, a trace of eEF2 phosphorylation was observed for the D273A mutant. We estimate, based on multiple assays, that this corresponds to ,0.5% of the activity of wild-type eEF2K. Thus, while the eEF2K[D273A] mutant has almost completely (.99.5%) lost activity, it does retain some residual function. This explains the residual p-eEF2 observed in samples from the homozygous mutant mice. The fact that even 0.5% of normal activity results in significant residual eEF2 phosphorylation demonstrates that the steady-state phosphorylation level of eEF2 is very delicately poised, responding even to very low eEF2K activity. Subtle control of eEF2K activity likely plays a key role in determining the levels of active eEF2.
Impaired associative taste learning and normal taste recognition, memory, and correlative induction of eEF2 phosphorylation in eEF2K ki mice Increased eEF2 phosphorylation in the GC was correlated with novel taste learning in rats (Belelovsky et al. 2005) . We, therefore, tested the following two hypotheses: (1) Novel taste learning is impaired in eEF2K ki mice; and (2) Novel taste learning will induce correlative induction of eEF2 phosphorylation in the GC of WT but not in that of ki mice. During all taste learning experiments, consumption of water or novel taste was measured and compared among the various groups. Mice were weighed and only those that fitted into the normal weight category were used in the experiments. The normal weight category was determined according to a body weight chart for C57Bl6 mice. In addition, average body weight was compared among the various groups to ensure that there were no differences (data not shown).
In order to measure taste learning and memory processes and to exclude the possibility that eEF2K ki and WT mice had different taste preferences, we tested eEF2K WT and ki mice for three different tastes: quinine 0.04%, saccharin 0.5%, and NaCl 0.4%. We found that eEF2K ki mice showed the same natural aversion to quinine (98.4 + 0.7%, n ¼ 8) as the WT (95. In order to test the hypothesis that taste memory per se, i.e., incidental taste memory, is impaired in the ki mice, we examined the reduction in neophobia by using saccharin as a novel taste (Merhav and Rosenblum 2008) . No differences in aversion index were found during four consecutive days following the first taste exposure (Fig. 3A) (repeated measures test, between-subject effect: F (1,18) ¼ 0.33, P . 0.05), indicating normal long-term taste memory formation and consolidation in the transgenic mice. The repeated measures test was performed for each group to evaluate LTM formation for all test days (within-subjects effect, F (4,72) ¼ 7.83, P , 0.01). LTM formation for novel taste was similar for both groups (Fig. 3B) . Comparison between the first and 14th test days (paired t-test: n ¼ 10; for WT: t (9) ¼ 4.60, P , 0.01; for ki: t (9) ¼ 3.24, P , 0.05) showed a significant decrease in aversion to saccharin in both groups, indicating normal long-term taste memory. We thus refuted the hypothesis that eEF2K ki mice have abnormal long-term taste memory formation.
Next, we tested the hypothesis that WT and eEF2K ki mice would show similar increases in eEF2 phosphorylation in the GC following novel taste learning (Fig. 3B) . The mice were trained to drink from pipettes for 3 d, and 20 min following their consumption of a novel taste (saccharin 0.5%), their GC and control cortices were removed and analyzed for eEF2 phosphorylation. There were significant increases in p-eEF2 in both WT and ki mice (WT: 29 + 10%, t-test, t (16) ¼ 22.27, n ¼ 9, P , 0.05; ki: 40 + 12%, t-test, t (16) ¼ 22.63, n ¼ 9, P , 0.02) (Fig. 3C) . Total levels of eEF2 protein remained unaltered in both WT (0.90 + 0.1, n ¼ 9, t-test, t (16) ¼ 0.66, P . 0.05) and ki mice (0.95 + 0.10, n ¼ 9, t-test, t (16) ¼ 0.37, P . 0.05). In addition, we examined p-eEF2 elevation in a related cortical region, the occipital lobe, at the same time point, to verify restriction of the modulation to the GC and saw no elevation of p-eEF2 in either WT (0.79 + 0.06, t-test, n ¼ 4, P . 0.05) or ki mice (0.97 + 0.1, t-test, n ≥ 4, P . 0.05). The results demonstrated that the eEF2 correlative induction in phosphorylation in the GC following novel taste learning that was observed in the rat (Belelovsky et al. 2005 ) also occurred in mice.
It could be suggested that levels of eEF2 phosphorylation play a specific role in associative but not incidental learning. We, therefore, compared conditioned taste aversion learning between the ki and the WT littermate mice to test our hypothesis that ki mice would be impaired in CTA learning. Five independent experiments were performed, and the data shown here constitute a summation of them all (Fig. 4) . On the conditioning day, the animals received saccharin as a novel taste, and the total amounts consumed were similar in the two groups (WT: 1.46 + 0.07 mL, n ¼ 28; ki: 1.54 + 0.05 mL, n ¼ 30; t-test, P . 0.05). Following Figure 2 . Biochemical analysis of hippocampus and cortex of eEF2K ki mice (A,B) eEF2K, eEF2, and a-CaMKII levels in cortex (A) and hippocampus (B) of eEF2K ki mice is normal. Protein levels were normalized to actin and normalized to levels in WT mice. Summary data and representative blots are shown. There is no difference in eEF2K, eEF2, and a-CamKII levels between two mouse types; t-test, n ¼ 5, P . 0.05. (C,D) p-eEF2 levels in cortex (C) and hippocampus (D) of eEF2K ki mice are reduced. Summary data and representative immunoblots are shown. Data are presented as the ratio of p-eEF2-to-eEF2 and normalized to levels of p-eEF2 in WT mice. There are significantly lower levels of p-eEF2 in eEF2K ki mice; t-test, n ¼ 5, * P , 0.05, * * P , 0.01. (E) eEF2 phospho-specific antibody (for Thr56 in eEF2) does not react with nonphosphorylated eEF2 protein in Western blot analysis. Immunoblots of eEF2 protein and p-eEF2 for brain and pure protein samples are shown. (F ) Purified eEF2 was incubated with [-32 P]ATP and the indicated amount of recombinant eEF2K (wild-type or D273A) in the presence of calmodulin and calcium (CaCl 2 ) for 5 min.
MEMRI demonstrates abnormal system consolidation www.learnmem.org 120 Learning & Memory Cold Spring Harbor Laboratory Press on November 2, 2017 -Published by learnmem.cshlp.org Downloaded from CTA, the ki mice exhibited impaired CTA learning (66.9 + 4.7%, n ¼ 30) compared to the WT (84.4 + 3.0%, n ¼ 28; t-test, t (56) ¼ 3.06, P , 0.01) (Fig. 4) . Statistical analysis indicates a significant difference between the eEF2K ki group and the eEF2K WT group. In order to determine whether ki mice exhibited partial CTA learning or no CTA at all, we compared the aversion index that followed CTA learning (i.e., that on the first test day which was a second exposure to the novel taste) with that following incidental taste learning (i.e., on the second test day) in transgenic mice. Statistical analysis showed that ki mice did exhibit CTA learning but at a significantly lower level than the WT mice (CTA in ki: 66.9 + 4.7%, n ¼ 30; taste learning in ki (second test day): 45.0 + 9.0%, n ¼ 10; t-test, t (38) ¼ 22.25, P , 0.05). Following the observation that the ki mice were impaired in associative but not in incidental learning, we tested the hypothesis that brain activity was abnormal in the ki during CTA learning but not under basal conditions.
Brain activation under basal conditions as measured in MEMRI is normal in eEF2k ki mice
In order to measure and compare the patterns of brain activation in the mice, we adopted the MEMRI protocol to implement the fractionated mode of systemic Mn 2+ administration (Kuo et al. 2005; Grünecker et al. 2010; Inui-Yamamoto et al. 2010) . When administered systemically, Mn 2+ reaches the brain and enters the cells via voltage-gated Ca 2+ channels and then propagates transsynaptically. Most importantly, because the transfer of manganese is through voltage-gated channels at relatively low rates, its accumulation inside cells and in the surrounding extracellular space is proportional to neural activity (Lin and Koretsky 1997; Eschenko et al. 2009 ). We chose this MEMRI mode, which measures accumulation of Mn 2+ in active brain regions over several days, to provide a global view of patterns of brain activation associated with repeated CTA training. The imaging data were statistically analyzed with the well-accepted SPM toolbox. First, we examined the basal pattern of brain activation that was obtained following manganese injection. This was done by contrasting the signal intensities in brains of all mice injected with Mn 2+ with those in the brains of Mn 2+ -free, control mice. The i.p. injections of 10 mM Mn 2+ at 2% of bw caused an average increase in brain signal intensity of 53 + 12%, with a typical distribution across the brain regions ( Fig. 5 ; Kuo et al. 2005) . The statistical maps show a highly significant signal increase throughout the brain. However, raising the statistical threshold to a very Figure 3 . Normal long-term taste memory in eEF2K ki mice. (A) Y-axis is aversion percentage. There is no difference in attenuation of neophobia for saccharin between the two groups on any test day (ANOVA repeated measures, n ¼ 10, P . 0.05); there is a significant decrease in aversion index for both groups (P , 0.05). (B) Y-axis is aversion percentage. Comparison between aversion indexes on the first test day and 14th test day (same data as in A) during taste learning in transgenic mice (paired t-test, n ¼ 10, * P , 0.05, * * P , 0.01), which revealed normal long-term taste memory. (C) p-eEF2 level in GC following novel taste learning. eEF2 phosphorylation increased in the GC within 20 min after novel taste learning in transgenic mice. Representative immunoblots of anti-protein antibody and phospho-specific antibody (Thr56) are presented. Protein levels (p-eEF2/eEF2) are expressed as the ratio between saccharin and water values. Values ¼ 1 indicate no increase or decrease; values . 1 indicate an increase in protein phosphorylation (t-test, n ¼ 9, * P , 0.05). Figure 4 . eEF2K ki mice are impaired in CTA learning. Presented is a summary of five independent experiments. Y-axis indicates aversion percentage. eEF2K ki group exhibits lower aversion index than WT group following CTA training (t-test, n ≥ 28, * * P , 0.01).
high level (T . 34) distinguished particular regions from the rest of the brain (Fig. 5) . Thus, the basal condition of these regionsthe olfactory pathway, primary sensory cortex, basal ganglia, thalamus, tectum, midbrain, and cerebellum-may be more active than other brain regions. There was no difference in basal brain activity between the eEF2K ki group and the eEF2K WT group. This was demonstrated by means of similar activation maps, obtained when either of these mouse groups was compared with the control, Mn 2+ -naive mice, and by lack of statistical difference in direct comparison between the WT and ki groups.
CTA induces abnormal (diffuse and increased) brain activity in the eEF2K ki mice as measured in MEMRI In order to determine the effect of the CTA procedure on the MEMRI signal, we compared the images of the CTA mice with those of the controls; the comparison was done separately for the WT and ki mice. When a relatively low statistical threshold was applied, to account for a false detection rate (FDR) of 0.05, the CTA procedure in both WT and ki mice was associated with a global, nonlocalized MEMRI signal. Raising the statistical threshold to provide family-wise error rate correction (FWE, P , 0.05) in WT mice confined the increased signal to several localized clusters. These clusters included the anterior forebrain, sensory cortex, medial anterodorsal thalamus, lateral midbrain, and pons (Fig. 6 , green/red). Conversely, in ki mice, only a much higher threshold (FWE, P , 0.00001) revealed some localization of the MEMRI signal, but even then, the clusters were still confluent (Fig. 6 , cyan/magenta).
In order to examine how the modified eEF2 pathway affected the MEMRI signal, we compared the eEF2K ki and WT groups. As noted above, there was no significant difference between these two types of mice when they underwent the control procedure. However, the CTA procedure induced a stronger MEMRI signal in the eEF2K ki mice than in the WT group (Fig. 7, cyan) . Again, a lower threshold (FDR P , 0.05) demonstrated a nonlocalized global signal, whereas application of a higher threshold (FWE corrected, P , 0.05) resulted in clusters of increased signal in the piriform cortex, posterior insular cortex, basal ganglia, hippocampus, and brainstem (Fig. 7, magenta) .
Discussion
Taste learning paradigms in rodents are useful for defining molecular and cellular processes that underlie learning and memory in the cortex (for reviews, see Rosenblum 2008; Nú ñez-Jaramillo et al. 2010; Gal-Ben-Ari and Rosenblum 2011) , including translation initiation and elongation regulation during memory consolidation (Belelovsky et al. 2005 (Belelovsky et al. , 2007 (Belelovsky et al. , 2009 Costa-Mattioli et al. 2007 ). Taste learning can be positive, i.e., a given taste is learned and tagged as safe or familiar, or negative, i.e., a given taste is associated with malaise and thus tagged as negative and to be avoided in light of the associative experience. Conditioned taste aversion, the association between novel taste and malaise, is a form of associative learning with high ecological significance (Bureš et al. 1998) ; it is characterized by many similarities to other -injected group from that of those in the noninjected group. The statistical map comparing the net signals of the two groups, overlaid on the other half-brain, shows a very significant enhancement throughout the brain (green, T value . 15). Further increasing the statistical threshold (red, T . 34) demonstrates predisposition to Mn 2+ enhancement in specific regions: he olfactory pathway (1), basal ganglia (2), primary sensory cortex (3), midbrain (4), tectum (5), lateral pontine region (6), and cerebellum (7). Lower significance of Mn 2+ enhancement at the base of the brain ( * ) was due to variability in the MRI signal caused by air in the adjacent external ear canal. Localization of slices is shown on the midsagittal slice. Bar ¼ 10 mm. Figure 6 . CTA-associated MEMRI signal is higher but less localized in eEF2K ki than in WT mice. Statistical maps derived from the comparisons between groups of mice that underwent CTA and control mice that received i.p. injections of saline instead of LiCl as the unconditioned stimulus. Enhanced MRI signal associated with the CTA procedure can be localized to discrete regions in WT mice (green-red half-brain) but shows a widespread pattern in eEF2K ki mice (cyan-magenta half-brain). Maps of minimum significance threshold (P , 0.05, FDR corrected, T . 1.75) cover most of the brain in WT mice (green) and even more so in ki ones (cyan). In WT mice, localized enhancements (red) in the anterior forebrain (1), sensory cortex (2), antero-dorso-medial thalamus (3), and lateral midbrain and pons (4) are seen by applying the conventional statistical threshold (P , 0.05, FWE corrected, T . 4.7). Conversely, confluent Mn 2+ enhancement (magenta) remains in ki mice even following application of an extremely high statistical threshold (P , 0.05, FWE corrected, T . 7).
forms of associative learning but is unique in the long (hours) delay between the conditioned stimulus and the unconditioned stimulus (Rosenblum 2008) . Local microinjection of protein synthesis inhibitor into the gustatory cortex before or just after acquisition attenuated long-but not short-term taste memory (Rosenblum et al. 1993; Houpt and Berlin 1998; Merhav and Rosenblum 2008) . This indicates that protein synthesis inhibitors did not affect normal neuronal function in the cortex but attenuates specifically memory consolidation.
Detailed analysis of different components of the translation machinery in the GC, following novel taste learning, revealed increased and decreased markers for the initiation and elongation phases of translation, respectively (Belelovsky et al. 2005 (Belelovsky et al. , 2007 (Belelovsky et al. , 2009 Costa-Mattioli et al. 2007 ). This dual regulation of translation was localized both to the soma and to the dendrites of the GC. One may interpret these results as a molecular mechanism that enhances the expression of a specific set of mRNAs that can be regarded as poor initiators (Belelovsky et al. 2005) . In cell culture, activation of NMDARs resulted in eEF2 phosphorylation that caused attenuated elongation and decreased total protein synthesis but increased synthesis of a known poor initiator, a-CaMKII (Scheetz et al. 2000) . It is yet to be determined if the correlative increase in eEF2 phosphorylation following chemical stimulation or learning reflects a mechanism to increase expression of a specific set of proteins or decreased expression of a memory consolidation repressor. Chotiner et al. (2003) suggested that regulation at the elongation step of protein synthesis, via increased phosphorylation of eEF2, contributes to persistent forms of long-term potentiation (LTP) and simultaneously increases synthesis of the Arc/arg3.1 protein-also known as a poor initiator. Indeed, lack of eEF2 phosphorylation in dendrites resulted in impaired mGluR-LTD and absence of rapid Arc translation (Park et al. 2008) .
Moreover, following intrinsic action potential-mediated network activity, eEF2 phosphorylation was shown to be differentially regulated compared to spontaneous neurotransmitter release in hippocampal dendrites. These results suggest that eEF2 is a biochemical sensor that is specifically and locally tuned to the quality of neurotransmission (Sutton et al. 2007 ). It was shown recently (Verpelli et al. 2010 ) that the eEF2K/eEF2 pathway is responsible for coupling the neuronal activity to spine plasticity by controlling the dendritic translation of brain-derived neurotropic factor (BDNF). In addition, eEF2 is phosphorylated in the hippocampus following BDNF-induced LTP in the hippocampus (Kanhema et al. 2006) . These findings relate eEF2 phosphorylation to LTP and general spine activity.
In the present study, we extended our previous findings of a clear correlation between eEF2 phosphorylation in the GC and novel taste learning (Belelovsky et al. 2005) . By using mutated, inactive eEF2K, we tested the causal relationship between levels of eEF2 phosphorylation and various forms of cortical-dependent taste learning. The biochemical analysis and comparison between WT and ki mice revealed normal expression of eEF2, eEF2K, and a-CaMKII ( Fig. 2A,B) and significantly reduced levels of eEF2 phosphorylation (Fig. 2C,D) . Interestingly, the reduced levels of eEF2 phosphorylation did not interfere with taste-memory formation, consolidation, and maintenance up to 14 d, nor with the similarity of the degrees of correlative induction of eEF2 phosphorylation in the GC of WT and ki mice (Fig. 3) . Thus, although the basal levels of eEF2 phosphorylation in the GC were lower in ki than in WT mice, novel taste learning induced a proportional increase in eEF2 phosphorylation ( 40%) in the GC in both mouse strains. This suggests that the residual phosphorylation in ki mice together with the similar change in eEF2 phosphorylation is sufficient for long-term taste-memory consolidation (Fig. 3C) . However, the increase in eEF2 was insufficient for the learning of CTA; the ki animals were clearly impaired in this behavioral task (Fig. 4) . These differential effects can be explained by the different brain areas involved in incidental taste learning versus the associative learning involved in CTA, for example, in the hippocampus (Rosenblum 2008; Gal-Ben-Ari and Rosenblum 2011) . Moreover, the fact that, in the ki mice, novel taste learning is normal while CTA is not suggests that levels of eEF2 phosphorylation together with other translation factors determine a differential translation rate and regulation in different brain structures. In addition, a possible system-level basis for the behavioral phenotype of the ki mice can be inferred from the role ofeEF2 phosphorylation in general brain function (Sutton et al. 2007; Verpelli et al. 2010) . In order to further pursue the notion of a system-level effect of the genetic inactivation of eEF2K, we examined global patterns of brain activation by using MEMRI.
MEMRI is being increasingly used in animal models because of its T1 contrast, which is sensitive to a number of biological processes (Lin and Koretsky 1997; Silva et al. 2004 ) and, therefore, can serve as a valuable method for in vivo visualization of functional neuroanatomy. Mn 2+ enters excitable cells through voltage-gated Ca 2+ channels and is sequestered in Ca 2+ -containing organelles. In neurons, these organelles are transported along axons, and their Mn 2+ content is transferred across active synapses to the next neuron (Pautler et al. 1998; Pautler 2004; Serrano et al. 2008) . Thus far, three specific uses of MEMRI in imaging the animal brain have been demonstrated. First, protocols have been devised that enable accumulation of Mn 2+ in active areas of the brain; these protocols are based on Mn 2+ entry into excitable cells via voltage-gated calcium channels. This technique has been referred to as activation-induced MEMRI Weng et al. 2007 ). The second use of MEMRI, which relies on transsynaptic transmission of Mn 2+ , is to trace specific neuronal connections in the brain; it has been shown to enable imaging of Figure 7 . CTA-associated MEMRI signal is stronger in eEF2K ki than in WT mice. The statistical map compares Mn 2+ accumulation in the groups of WT and ki mice undergoing the CTA procedure (cyanmagenta half-brain). The minimum statistical threshold map (P , 0.05, FDR corrected, T , 1.75) depicts the generalized, greater increase in Mn 2+ accumulation in ki mice (cyan). Several isolated regions of augmented Mn 2+ accumulation in this group of mice (magenta) persisted even after application of a higher threshold (P , 0.05, FWE corrected, T , 4.7). The green-red half-brain is as in Figure 5 . CTA-associated activation in WT mice prevails rostro-dorsally (red), whereas in ki mice, CTA-associated enhanced Mn 2+ accumulation is more abundant ventro-caudally (magenta).
